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y�d�^#cDZq_#^-rta
]8|À22]8jDdk^¦W8jDb'[�ZqW8_
�kdka,h�~�pq_#g�Y8d�Z�]Cfkpq_
p�d�^

fk]2a#a#d�fk_#dkb � l&�\cDjDbw+�´�W8j?b'p�|�{Da#]RY2dkb�jCcD|�dka#pqfkW2Z/a#dk^
cDZq_#^
W8a
d�^#g?]R~�j pqjÁ0>pq`D�:/�rt]2a²¿Æf:Ã�~�pq_#g Ó · «8TNª�W8jDb Î�¤ ·
�$TNª?� y dklCjD]8ZqbD^-jTc?| � dka
^�rt]2aX_
gDd}d��T{Kdka
p�|�dkjC_XYRW2a#pqdkb � dQ�
_)~*dkdkj²« W8jDb�W � ]2cD_/ªT�6m¬«8«8«6��§ r�{DW8a
_#pqfkcDZqW2a/pqjT_
dka#d�^#_kmKjD]8_
d
_#g?d}bDpq{�pqj�_
gDa#c?^#_�rt]2aX_
gDd
���-�}fkW2^#d�~�gDdkj�_#gDd�Y8d�Z�]Cfkpq_)l

bDa
]8{D{Kdkb � dkZq]R~ ��µ�º�Â�����g?p�^(v�pr!�y;mrÃ�xX��Ä����C~*W8^�_#g?]8cD`2gT_�_
]
� dXfkW2cD^#dkb � l��4]R~I^#dk{?W8a#W2_#pq]8j�]RY2dka/{DW2a#_/]2a/W8ZqZD]�ro_
gDdXf�l8�
fkZqdRmCW8^/_
gDd�pqjDbDcDf�dkb�W8jD`2Zqd�]Rr\W8_#_
W8fQ¢zdk�Cfkd�dkbDdkb'�kª�bDd�`8a#d�dk^
rt]2a�Y8dkZq]Cfkpq_#pqdk^ � d�Z�]R~���µ�º�Â��

0§ 5Å 10
Velocity (m/s)Æ

2 Hz (panel)
Ç
4 Hz (panel)
È
6 Hz (panel)
É
8 Hz (panel)
Ê

0§ 5Å 10
Velocity (m/s)Æ0

0.2

0.4
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N
)Ë

(exp)
(exp)
(exp)
(exp)
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¯�pq_#g-_#gDd*a#d�W8^#]2jDW � Z�d�^
cDfkfkdk^
^/W8_>{Da#d�bDpqfk_#pqjD`�{Da
]8{Dc?Z¬�

^#pqY2d�{Kdka�rt]8a
|!W8j?fkd�]8jz_
gDd�Z�W2a#`2d�|�]CbDdkZwm�22]8jDdk^>W8jDbz[�ZqW2_#�kdka�j
W8j?b ®-cD`2`8W2j*+�+�bDdk^
pq`8jDdkb�m � cDpqZq_4W2jDb�_#dk^
_#dkb�|�cDfQgX^
|!W2Z�Zqdka�m
h� z'��)^#pq�kdkb­|!]CbDdkZq^km\jD]2|!pqjDW2Z�Zql�~�pq_#g�W'�:��»�µ ^#{DW2j�W2jDb
ZqdkjD`2_#g\�:0?]8a/|�dkfQgDW8j?p�f�W8ZD^
p�|�{DZqpqfkpq_)l8m�W}^
Z�pq`2gT_�YRW8a#pqW2_#pq]8j�]Rr
_#g?d��4W2{D{DpqjD`�|!]2_#pq]8j�~*W8^¦W8bD]2{D_#dkb rt]8a¦_#gDd�h� �'¡|!]CbC�
dkZq^kmKbDdk{Dpqfk_
dkb�W8^Xf�]8jC¤4`2cDa#W2_#pq]8j'¿Æd:Ã�pqj30>p�`?�DªD�Í%)jD^#_
dkW8b�]Rr
W!{?cDa#dQ�){DZqcDjD`2d�|!]2_#pq]8j\mDW�{DcDa
dQ��{?p�_
fQg'|!]8_
pq]8j!~*W8^�cD^
dkb\m
~�pq_#gI_#g?d�{Dpq_
fßg�W8�Cpq^�Z�]CfkW2_#dkb�^#dkY2dka#W2Z�fQgD]2a#b�Zqdkj?`8_#g?^!pqj
rta
]8jC_@]�r�_
gDd�~�p�j?`D�� �fka#]2^#^)�)^#d�fk_#pq]8j?W8Z�b?a#WR~�pqjD`�]Rr�W�_)lC{Dps�
fkW2Zoh� z'�pq^/^#g?]R~�j�p�j¶0>pq`D�K�:«Cm2~�gDdka#d-_#gDd �4]R~�`2]Cdk^/rwa#]8|
ZqdQrt_*_#]�a
p�`2gC_k�� Xj�pq^#]8|�dk_#a
pqfXYCpqdk~�]Rr�_#gDd�|�]Tb?dkZ4pq^�^
gD]R~�j
pqj10>pq`D���2�R�

��gDd�|!]CbDd�Z�^*cD_
p�Zqpq�kdkb�dk�Cfkd�{D_#pq]8j?W8ZqZql!^#|�W8ZqZwmT`2dkW8a
dkb\m
^#_
dk{D{DpqjD`¦|!]8_
]8a
^\rta
]8|�y-h���eC|�]T]RYCl2�\��gDd�|!]2_#]8a
^�~*dka#d
��µ·µ¡pqj�bDpqW8|!d�_#dka/W2jDb\mD~�pq_#g�W
¨2�8Î<�*{DZqW8jDd�_#W8a
l�`8dkW2a�^#lC^)�
_#d�|�mC_#gDdkl�~@d�a#d�W � ]8cD_�¨8��µ¶µ Zq]8jD`zW2jDb!~*dkpq`8g?dkb�Wz|!dkW��
`8d�aX¨8TNª$ÏK�/VX]8|�pqjDW8ZqZqlRm8_
gDdkl!{?a#]CbDcDfkd�b�W�_#]2a#�CcDdz]�r�W � ]8c?_
¨8T¬��µ9Ðkµ W8_-^#{KdkdkbD^�cD{�_#]�W � ]8cD_z�8«2«!y-[/h ¿Æ_#gDd�a#W2_#dkb
Zqpq|!pq_4]�ro_
gDd*`8dkW2a � ]R�6Ã£m8~�gDpqfQg}lCpqdkZqbDdkb�W�|!W2�Tpq|�cD|�{K]R~@d�a
]Rr!a
]8cD`2gDZql «C�¬¨?�'~@W2_#_
^k� ��gDd � a#cD^
gDZqdk^#^'|�]8_
]8a#^�~*dka#d
fk]2jT_
a#]2Z�Zqdkb � l�W8j']2^#fkpqZqZqW8_#]2a#l2m�]8{KdkjC�)Zq]C]8{'bDa
p�Y2dkazfkpqa
fkcDpq_km
~�gDpqfQg�W8ZqZq]R~@dkb rt]8a\Y2dka#l�{Da
dkfkpq^#d�mT^
_#dkW2bDl�W8jDb�a#d�{Da#]CbDcDf�p � Z�d
a#]2_#W2_#pq]8jDW2Z�^#{KdkdkbD^��©¯�gDpqZqd�_#gDd�|�]8_
]8a�gDW8b�W'a
dk{K]8a#_
dkb
|!W2�!^
{4dkd�b�]Rr*W8a#]2cDjDbI�:«2«Cm¬«8«2«�yX[/h�m\_
gDd}`2dkW8a � ]R��~@W2^
]8j?Z�l�a#W2_#dkb­rt]2a}¨8«6m¬«8«8«�y-[/h pqjD{Dc?_km/~�gDpqfQg�Zqpq|!pq_#d�b�_#gDd
�4W2{D{DpqjD`'rwa#dk�CcDdkj?fkl�_#]IW8a
]8cDj?b����'�X��mzgD]R~@d�Y8dka�mz~�p�_
g
^#]2|!d*|!]CbDdkZq^�m8^#cD^
_#W2p�j?dkb�rta
dk�CcDdkjDf�p�d�^�]Rr�]RY8d�aX�:���-�X~*dka#d
a#d�W8fQgDdkb\�©[�a
dk^#dkjC_
Z�l2mXW­fkZq]8^#d�bC��Zq]C]8{Ifk]2jC_#a#]2ZqZ�d�a!pq^!cD^
dkb\m
{Da
]RYTpqbDpqjD`�¨�_#]'��_
p�|�dk^�_#gDd�{K]R~@dka�� ��g?p�^�~�pqZqZ � d�bDpq^)�
fkcD^
^#dkb�pqj�`8a#d�W8_#d�a�b?dk_#W2p�Z>pqj²_
gDdzjDd��T_-^#dkf�_#pq]8j\����gDd �4W8{C�
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{DpqjD`I|!]2_#pq]8j�~@W2^�`8dkj?dka#W2_#dkb¸YTpqWIW�^
|!W8ZqZ-^#{Da
p�j?`R�)^#_#d�dkZ
fka
W8jD¢C^#g?WRrt_-fk]8cD{?Z�d�b�_
]!_#g?dz`8dkW2a � ]R��~�p�_
g�_#g?p�j6��~*W8ZqZ\^#pqZqps�
fk]2j�_#c � pqjD`?����g?d�fka#W2jD¢C^#gDW�rt_�|!]RY8d�bz_#gDd*�KW8{D{DpqjD`�� � dkW2|!^
YCpqW
eCf�]8_#fQg�l2]8¢2dk^�fk]8j?^#_#a
cDfk_
dkb�]�r�Y2dka#l�_#gDpqj�{DpqW8jD]�~�pqa#dR�

12.5mm

12.5mm

12.5mm

12.5mm

20mm

crank− shaft

geared motor

flapping−beam

wing−section

5.7o

flight direction

flexible joint

flexible joint
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eC_
W8_#pqfz_
dk^#_
pqjD`'¿<~�pqjDbC�)]$¦@Ã-~@W2^X{Kdka)rw]8a#|�dkb�_
]²d�YRW8Zs�

cDW2_#d�_#g?d!^#d�jD^#pq_#pqYCpq_)l�_
]�W8pqa)rt]2pqZ�^
gDW8{Kd!W2jDb'W8^
{4d�fk_)�)a#W2_#pq]D�
��gDd � dk^
_�~�pqjD`}b?dk^#pq`8j�_#dk^
_#dkb�cD_
pqZ�pq�kd�b!W�^#|!W2ZqZT_
dkW8a���b?a#]8{
^#g?W8{Kdkb � W8Zq^#W-Z�d�W8bDpqjD`�dkb?`8dRmCa#]2cD`8gDZql���µ¶µÓÒ@ª8µ¶µ�pqjz^
dkfQ�
_#pq]2j\m:~�pq_#g�_
gDpqj�f�W8a � ]8j6�t¤ � dka�^#_
a#pq{D^�rt]8a\a
p � ^\W8jDbÔ28W2{DW8j?dk^#d
_#pq^
^#cDd�rw]8a*_#gDdz{?a#pq|!W2a#l�~�p�j?`}^
cDa)rtW2fkdR�Í%)_�~@W2^�W8Zq^#]¦rt]8c?jDb
_#g?W8_km�W2_}ZqdkW2^#_�rt]2a}_
gDd�~�pqjDbC�)]$¦�fkW2^#dRm�_#g?d�W8^
{4dkf�_!a#W2_#pq]
bDpqb!j?]8_*{DZqWRl�W8j!pq|�{4]2a#_#W2jC_�a
]8Zqd-rt]8a*YRW8ZqcDd�^@W � ]RY2dXW � ]8c?_
ªD�/�*lC{DpqfkW8ZK_#g?a#cD^
_X|!d�W8^#c?a#dk|�dkjC_#^*W8a#d�^
gD]R~�j�p�j40>p�`?���:¨6m
rt]2a!_#g?d�|!]CbDdkZ�c?^#pqjD`�~�pqjD`2^!~�pq_#gIWI�8��µ·µ fQgD]2a#b�W2jDb
dkZqW8^
_#pqfX~�pqjD`¦|!]8c?jT_
^k����gDdXd�Z�W2^#_
p�f-~�pqjD`}|�]8cDjC_
^�W2ZqZ�]R~*dkb
_#g?d}W2jD`8ZqdQ�)]Rr<�)W8_
_#W2fß¢�_
]��4c?fk_#cDW2_#d�W8dka
]CdkZqW8^#_
pqfkW8ZqZql8mKa#dkb?cDfQ�
pqjD`z_
gDdXpqjD^
_#W8jC_
W8jDdk]2cD^*d�¦od�fk_#pqY8d¦W8jD`2Z�d�]�r�W8_
_#W8fQ¢KmCW8jDb�W8Zs�
|!]2^#_*W8Zq~*WRlT^*pqjDfka
dkW8^
p�j?`�_#gDd�{Kdka)rt]2a#|�W8jDfkd��

eCcDa
{Da#pq^
p�j?`8Zql8mk_
gDd/|�W8�Cpq|}cD|­_#gDa
cD^#_>W8Zq~*WRlT^\]Cfkf�cDa#a
dkb
W8_���dka#]��4pq`2gT_���^
{4d�dkb\m4]2{D{K]8^#pq_
d�_
]�_#gDd�{Da
dkbDpqfk_
p�]2jD^�]Rr�_#gDd
{DW2jDdkZKfk]CbDdRmCW8jDb�~�gDd�a#dX_
gDd�pqjDbDcDf�dkb!W2jD`8Zqd*]Rr\W8_#_
W8fQ¢�~@W2^
a#]2cD`8g?Z�lÕ/8«�bDdk`2a#dkdk^�¿<|�pqjTc?^X_#g?d�W8dka
]Td�Z�W2^#_
p�f�pqjDf�p�b?dkjDfkd:Ã£�

 �_��CcDpq_#d'Zq]R~¡�4pq`8gC_�^#{KdkdkbD^�_#g?d'_#gDa
cD^#_�~@W2^�rt]8cDj?b _
]
bDa
]8{z�CcDpqfQ¢CZ�l�W2jDbz_
gDdkjza
dkfk]RY8d�a�^
Zqp�`2gC_#Zql�W8_>gDpq`8gDdka>^#{KdkdkbD^��%)jC_#dka
dk^#_
pqjD`8Zql2m@_#g?d²|�pqjDpq|}cD|%_
gDa#c?^#_!~*W8^�W8Zq~*WRlC^�rt]8c?jDb
~�pq_#g�W�eC_#a
]8cDg?W8ZKjTc?| � dka�]Rr�W � ]8c?_¥«6� ¨2�Cm8j?dkW8a
Z�l�_
gDdXj?W8_)�
cDa
W8Z�^#g?dkbDbDpqjD`�rta#d��Tc?dkjDfklI]RrXW�fklCZqpqjDbDdka�W8_�fk]8|�{DW8a
W � Zqd
y�d�lTj?]8ZqbD^�jCcD| � dka#^��%)_/~*W8^/f�]8j�ÖQd�fk_#cDa
dkb�_#gDW2_/_#g?d�h� z'X^*]8{Kdka#W2_#dkb�~�p�_
g
rtcDZqZql�^
dk{DW2a#W8_
dkb �4]R~%]RY2dka!_
gDd�rwcDZqZX�Kp�`2gC_�a#dk`2p�|�dRmXW2jDb
_#g?W8_�W8{?{DW8a
dkjC_#Zql�_
gDd�^#d�{DW8a
W8_#pq]2j � d�jDdQ¤4_
dkb _
gDd�{Kdka)rw]8a)�
|!W2jDfkd�W2_zY8dka
l'Zq]R~��4pq`8gC_z^
{4d�dkbD^km�W2jDb'bDdk_
a#W8f�_#dkbIrwa#]8|
_#g?d�{4dka�rt]8a
|!W2jDfkd�W8_�gDpq`2gDdka�^#{KdkdkbD^����X]R~*dkY8d�akm�~�p�_
gD]8c?_
W8jCl��4]R~ YCpq^#c?W8Zqpq�kW8_
p�]2j\m�_
gDd!Zq]8^
^zpqj'{4d�a)rt]2a#|!W2jDfkd�fk]2cDZqb
jD]2_ � d-rtcDZqZql�cDjDb?dka#^
_#]C]Cb\�
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��gDd�{Da
dk^#dkjC_�^#_
cDbDl­p�^�W'f�]8jC_#pqjCcDW8_
pq]8j�]�r�_
gDd�bDdQ�

Y8d�Z�]2{D|!d�jT_�W2jDb'_#dk^
_#pqjD`�]�r��4W8{?{DpqjD`R�)~�pqjD`�h� �'-^km/cD^
p�j?`
pq|!{Da
]RY8dkb�|�dkW8^
cDa#dk|�dkjC_�_#dkfQgDj?p��CcDd�^zW8jDb�jDdk~*dka�bDdk^
pq`8jD^
W8j?b f�]8jD^
_#a#c?fk_#pq]8j |!W2_#dka
pqW8Zq^k�� -bDbDpq_#pq]8j?W8ZqZql8m/W'|�dk_#gD]Cb
rt]2a*�4]R~ YCpq^#c?W8Zqpq�kW8_
p�]2j�pqj²_
gDdzZq]R~*�)^#{Kdkdkb�a
W8jD`2d�g?W8^ � dkdkj
bDdkY2dkZq]8{Kdkb\�

u(Û�ÛCSw1DECx�Ü%)j�_
gDpq^�^#dkf�_#pq]8j\m�_
gDd�jTc?|!dka
p�f�W8Z*|!dk_
gD]CbD^}c?_#pqZqp���dkb
W8a
d � a
pqdQ�4l ^#cD|�|!W8a
pq�kdkb\mz~�pq_#g�a
dQrtdka
dkjDfkd�^'rt]2a�W�|!]2a#d
fk]2|!{DZqdk_
d�bDdk^
fka#pq{D_
p�]2j\� ��gDd�{Da
dk^#dkjC_�bDdk^
p�`2j W2jDb fk]8jC�
^#_
a#cDf�_#pq]8j­p�^¦bDdk^#f�a#p � d�b W2jDb'_#g?d!dk�C{Kdka#pq|!d�jT_
W8Z/|�dk_#g?]Tb?^
dk|�{DZq]Rl8dkb�_#]�|!dkW2^#cDa
dz_#g?d}Y2dkgDpqfkZqdz{Kdka)rt]2a#|�W8jDfkd¦W8a#d�bDdQ�
^#f�a#p � d�b�pqj²b?dk_#W2p�Zw�
³XAD´�5CS��NxREDM�H�52O�Ü614GD70>Zq]R~�^#]2Z�c?_#pq]8jD^�W2a#d�fk]2|!{DcD_
dkb�cD^#pqjD`�W2j�cDjD^#_
dkW8b?l8m
_)~*]R�)bDpq|!dkjD^
pq]8jDW2ZtmD{K]8_
dkjC_#pqW8Zs�w�4]R~�fk]CbDd�]2a#pq`8pqjDW2Z�Zql�bDdkY8d�Z¬�
]8{Kdkb � l���dkjD`?m +�- W8jDb�dk�C_#dkj?bDdkb�_#]z|�c?Z�_
pq{DZqd/W8pqa)rw]8pqZC^#]8ZqcC�
_#pq]2jD^ � l�[>W8jD`?�.+�7���gDd�W2p�a�rt]8pqZ�{DW2jDdkZqpqjD`�rt]8ZqZq]R~�^X_
gDd�W8{C�
{Da
]8W8fQg']�r¥�-dk^#^�W8jDb'eC|�p�_
g*+ = ~�pq_#g�_#gDd�cDjD^
_#dkW2bDl�~*W8¢2d
|!]CbDd�Z�pqjD`�rt]8ZqZq]R~�pqjD`/_#g?d/W8{D{?a#]8W2fQg�]�rD�@W2^#c�W8jDb��-W8jDfk]CfQ¢K�.+�S
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��gDd�cDj?^#_#d�W8bDl'{DW2jDdkZ*fk]CbDd!g?W8^ � dkdkj­dk�C_#dkjD^
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Gross Thrust
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Without Tip Plates
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Without Tip Plates
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